INTRODUCTION.
The present paper reports a study of the oxidation of hemoglobin to methemoglobin by agents formed by the union of molecular oxygen with different autoxidizablel substances. The mechanism involved bears obvious relations to other well known examples of the same type of oxidation, such as the oxidation of indigo by benzaldehyde (1), the oxidation of guaiac by plant tissue (2) (3) (4) (5) (6) , and the oxidation of hemoglobin by Pneumococcus (7, 8) . In each of these examples of "oxygen activation" at least two reactions are involved: the formation of an oxidizing agent of peroxide nature, and the subsequent oxidation of a substance itself not reactive with molecular oxygen. The distinctions between these known examples of "oxygen activation" concern the participation of catalysts in the formation of the oxidizing agents, and the participation of catalysts ("activation" of the oxidizing agent) in the subsequent oxidation of the more difficultly oxidized substance.
Hence, in the present study of the oxidation of hemoglobin by autoxidizable substances, the experiments have included measurements both of the consumption of molecular oxygen and of the oxida-I The term "autoxidizable" substance as used in this paper refers to easily oxidized substances which react with molecular oxygen in the absence of thermolabile cellular agents. It is well to point out that hemoglobin has been present in all of the systems studied since the iron of the blood pigments may influence the speed of the oxidations of the "autoxidizable substances." 551 tion of hemoglobin which occurs during the autoxidations. Experiments were made as well to determine if the presence of thermolabile cellular substances of pneumococci accelerates the oxygen-consuming and hemoglobin-oxidizing activities of the autoxidizable substances. In analyzing the mechanism of the formation of methemoglobin in these reactions, it is well to remember that the hemoglobin molecule itself possesses the property of catalyzing the oxidations induced by certain peroxides.
EXPERIMENTAL.

Methods.
Bacteriological.-The sterile pneumococcus extracts used in this investigation were prepared as described in previous papers (9) . All reagents used in the experiments were sterile. The usual aseptic, bacteriological technique was employed throughout all experiments to preclude any possibility of the participation of bacterial action in the reactions which have been ascribed to autoxidation.
Chemical.-The alcoholic extracts of potato juice and meat infusion were prepared as previously described (10) . The alcohol was redistilled immediately before using. Unless redistilled, the alcohol yielded a residue upon evaporation, which when dissolved in phosphate solution oxidized hemoglobin to nethemoglobin.
The gasometric measurements of "oxygen contents" and "oxygen capacities" were made with the apparatus and technique described by Van Slyke and Neill (11) . All reagents were adjusted to pH 7.5; the pH was maintained approximately constant, as the phosphate concentration of all reaction mixtures was at least 25 mM. The technique and apparatus described by Robertson and Sia (12) 'Turpentine, cod liver oil, and linseed oil were -chosen as classical examples of liquids containing unsaturated substances which form peroxides when exposed to molecular oxygen (5, 13, 2, 14) . Aerated samples of these liquids are, in fact, frequently substituted for hydrogen peroxide in testing for the presence of blood or hemoglobin by the peroxidase-guaiac or peroxidase-benzidine test.
The results of a number of experiments showed that if turpentine, cod liver oil, or linseed oil is added to oxyhemoglobin, molecular oxygen is consumed with the formation of oxidizing agents which oxidize hemoglobin to methemoglobin. So far as could be determined the rate of methemoglobin formation by these substances was not accelerated to a significant degree by the thermolabile cellular substances of washed pneumococci. The formation of methemoglobin by turpentine, linseed oil, and cod liver oil in the presence of oxyhemoglobin can be interpreted as reactions analogous to the oxidation of guaiac in peroxidase-guaiac-peroxide reactions.
Oxygen Consumption and Methemoglobin Formation during the Autoxidation of Alcoholic Extracts of Potato Juice.
Gallagher (5) has shown that alcoholic extracts of potato juice contain unsaturated substances which form peroxides when exposed to the air. Although the alcohol-soluble substances from potato are autoxidizable and can form peroxides independent of ferment action, it seemed quite probable that the thermolabile cellular substances of Pneumococcus might accelerate the consumption of molecular oxygen and the formation of oxidizing agents by the potato extracts. The peroxides formed by the potato extracts are probably similar in nature to the oxidizing agents formed in sterile broth extracts of pneumococci and might be expected to oxidize hemoglobin to methemoglobin.
Qualitative experiments revealed that if the alcohol-soluble substances themselves were added to solutions of oxyhemoglobin, methemoglobin was formed. However, if thermolabile cellular substances of washed pneumococci (which by themselves produce no change in oxyhemoglobin solutions) were also present the formation of methemoglobin was greatly accelerated.
In quantitative experiments comparisons were made of the oxygen consumption and the hemoglobin oxidation which is induced by alcoholic extracts of potato juice both in the presence and in the absence of thermolabile constituents of the pneumococcus cell Suspensions of washed intact pneumococci, sterile solutions of oxyhemoglobin, phosphate solutions of the alcohol-soluble substances extracted from potato juice, and sterile phosphate solution were used to complete the reaction mixtures. The tubes containing the mixtures indicated in the protocol were then sealed with sterile vaseline, and incubated in a water bath at 37°C. for 2 hours. At the end of this period, "oxygen content" analyses were made to determine the consumption of molecular oxygen, and "oxygen capacity" analyses, to determine the amount of hemoglobin which had been oxidized to methemoglobin. The presence of methemoglobin was confirmed by spectroscopic observations. Table I presents the protocol of a typical experiment. It is evident ( Table I ) that during the autoxidation of the alcoholsoluble substances of potato juice molecular oxygen is consumed. Presumably during this reaction, oxidizing agents (probably peroxides) are formed which in turn oxidize hemoglobin to methemoglobin. These reactions can be induced quite independently of any possible participation of cellular substances of ferment nature. However, it is evident as well that in the presence of thermolabile constituents of pneumococcus cells,-which by themselves are quite non-reactive, -the consumption of molecular oxygen and the subsequent oxidation of hemoglobin are greatly accelerated. Results of the same nature were obtained in experiments in which sterile extracts of washed pneumococci were used in the place of suspensions of washed intact cells.
Oxygen Consumption and Methemoglobin Formation during the Autoxidation of the Akohol-Soluble Substances of Meat Infusion.
Experiments analogous to the preceding ones have been conducted with alcohol-soluble substances extracted from the meat infusion which is used in the preparation of bacteriological culture media. These substances are autoxidizable and by themselves consume molecular oxygen with the formation of oxidizing agents which oxidize hemoglobin to methemoglobin.
In the presence of the thermolabile intracellular substances of washed pneumococci, both oxygen consumption and hemoglobin oxidation are greatly accelerated. The oxygen consumption and methemoglobin formation during the autoxidation of the alcoholsoluble substances of meat infusion are definite but are somewhat less pronounced in the absence of thermolabile cellular substances than those which occur during the autoxidation of the alcohol-soluble substances of potato juice.
Evidently, some at least of the thermostable substances used to "complete" the "incomplete" oxidation-reduction systems in sterile saline extracts of washed pneumococci (7-9) are themselves autoxidizable, but both the consumption of molecular oxygen and the formation of oxidizing agents, which processes proceed slowly in the absence of thermolabile cellular substance, are greatly accelerated by the presence of thermolabile substances derived from the washed pneumococcus cell.
The Oxidation of Hemoglobin by Oxidizing Agents Formed during the Autoxidation of Oleic and Linolic Acids.
Gallagher (5) found that oleic acid formed peroxides when exposed to molecular oxygen. Accordingly, it seemed that, if oleic acid formed oxidizing agents which oxidized guaiac in the presence of plant peroxidase, the same agents under like conditions might also oxidize hemoglobin to methemoglobin. The catalytic function of the plant peroxidase in guaiac oxidation, if necessary in hemoglobin oxidation, might be performed by the iron of the hemoglobin molecule itself. Experiments were made to test these relations.
Samples of pure oleic add and linolic acid were obtained through the courtesy of Dr. Ida P. Rolf of The Rockefeller Institute. 2 per cent solutions of the two acids were prepared in 0.1 M P0 4 solution. Sterile NaOH was added to give a pH of 7.5.
Dr. Rolf has furnished the following description of the preparation and analyses of the samples of linolic acid, oleic acid, and lecithin, which were used in the experiments.
Linolic Acid.-Kahlbaum's best grade of linolic acid was converted to the methyl ester and fractionally distilled in vocuo. The constant boiling fraction was saponified with NaOH and the soap converted to the free acid. When added to solutions of oxyhemoglobin, the oleate and linolate emulsions formed significant amounts of methemoglobin. Similar tests on a sample of lecithin gave negative results. Tests were also made to determine if the thermolabile cellular substances of Pneumococcus accelerate the hemoglobin oxidation. It was found, however, that the cellular substances are apparently without effect upon the methemoglobin formation which is induced during the autoxidation of oleic and linolic acids.
These results are of some significance. Examples are furnished of the fact that, during the autoxidation of oleic and linolic acids, at least in the presence of the iron of hemoglobin, a second substance (hemoglobin) can be oxidized which by itself is oxidized difficultly if at all by molecular oxygen. Either of these two unsaturated acids plus oxyhemoglobin constitutes, then, a system which oxidizes hemoglobin in a manner analogous to the oxidation of guaiac by the oxidase system of potato tissue. In neither of these two systems, unlike the system by which Pneumococcus oxidizes hemoglobin, is a thermolabile cellular substance essential for the formation of the oxidizing agent.
The Influence of the Tension of Molecular Oxygen upon the Formation of Methemoglobin during the Oxidation of A utoxidizable Substances.
In the oxidation of hemoglobin by pneumococci, the tension of molecular oxygen determines both the formation of the oxidizing agent and the concentration of hemoglobin, the substance actually oxidized to methemoglobin. Experiments to be reported in another paper (15) show that the oxidation of hemoglobin by the autoxidizable substances is influenced by the oxygen tension in the same manner as is the oxidation of hemoglobin by sterile pneumococcus extracts. In the complete absence of molecular oxygen, little or no methemoglobin is formed, presumably owing to the fact that oxidizing agents are not formed. However, at high tensions of molecular oxygen, the formation of methemoglobin is less marked than at tensions which permit the oxygen dissociation of about half of the oxyhemoglobin. These experiments are quoted in this place as further evidence of the validity of considering the oxidations of hemoglobin by pneumococci and by autoxidizable substances to be reactions of the same general type.
There is also an evident analogy between this type of hemoglobin oxidation and the oxidation of hemoglobin by hydroquinone and aminophenol. Huebner (16) found that neither hydroquinone nor aminophenol formed methemoglobin from hemoglobin in the absence of oxygen. When these reduced substances were oxidized, however, the oxidation products rapidly oxidized hemoglobin to methemoglobin. Apparently, as in the case of the autoxidizable substances reported in this paper, hydroquinone and aminophenol unite with molecular oxygen to form oxidizing agents which subsequently oxidize the iron of the hemoglobin molecule.
The alcohol-soluble constituents of potato juice exhibit another relation to oxygen tension which is analogous to that exhibited by pneumococci and by the intact potato tissue. It has previously been shown that Pneumococcus and sterile potato tissue possess both oxidizing and reducing properties and, hence, can either oxidize hemoglobin or reduce methemoglobin, depending upon the tension of molecular oxygen. A mixture of the alcohol-soluble substances from potato exhibits the same relations and oxidizes or reduces the blood pigments, the direction of the reaction being dependent upon the presence or absence of molecular oxygen. In the experiments reported it was found that hemoglobin may be oxidized to methemoglobin by agents formed during the autoxidation of pure oleic and linolic acids and of substances present in turpentine, cod liver oil, and linseed oil. In these cases, the participation of thermolabile cellular substances is not required, either for the autoxidations or for the oxidation of hemoglobin by the oxidizing agents formed during the autoxidation.
Autoxidizable substances were extracted by alcohol from meat infusion and from potato juice. Mixtures of the alcohol-soluble substances from either the animal or plant juices consumed molecular oxygen with the formation of oxidizing agents capable of oxidizing hemoglobin to methemoglobin. Both oxygen consumption and hemoglobin oxidation by these alcoholic extracts occurred in the absence of the thermolabile substances of Pneumococcus. However, both of these reactions were greatly accelerated in the presence of cellular derivatives of washed pneumococci, which, as previously shown, are by themselves wholly inactive. In a preceding paper (17) it was concluded that these bacterial constituents function as catalysts in the biological oxidations induced by pneumococci. In contrast to the alcoholic extracts of plant and animal tissue the reactions induced by oleic and linolic acids apparently are not accelerated by the addition of the labile bacterial substances.
The oxidations of hemoglobin by pneumococci and by the oxidizing agents formed during the autoxidations studied in this paper, bear certain analogies to the oxidation of guaiac by plant tissue. In both cases, at least two reactions are involved: (1) the formation of an oxidizing agent by the union of molecular oxygen with an autoxidizable or easily oxidized substance; (2) the oxidation of the more difficultly oxidized substance (hemoglobin or guaiac) by the oxidizing agent formed in the first reaction. It is possible that in the formation of methemoglobin the iron of the hemoglobin molecule functions as peroxidase in the "activation" of the oxidizing agent in a manner analogous to the action of the peroxidase of vegetable tissue in the guaiac reaction.
While hemoglobin is oxidized to methemoglobin if oxygen is ad-emitted to mixtures of the blood pigments and the easily oxidized substances studied in this paper, the reverse reaction is induced if oxygen is excluded from the same mixtures. Thus, the presence or absence of molecular oxygen determines the direction of the reaction induced by these substances in a manner analogous to that previously shown in the case of pneumococci.
SUMMARY.
Hemoglobin is oxidized to methemoglobin by products formed during the oxidation of a number of different substances. With some of these substances, both oxygen consumption and hemoglobin oxidation are accelerated by thermolabile constituents of pneumococci; with others of the easily oxidized substances, neither reaction seems to be influenced by the presence of the bacterial substances.
The same substances which in the presence of air induce the oxidation of hemoglobin bring about the reverse reaction if molecular oxygen is excluded.
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